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FATIORAL ADVIéBRY $ONMI{ITTEE FOR ABRONAUTICS

TECHNICAL MEMORANDUK NO. 879

STATIC LONGITUDINAL STABILITY AND

LOFGITUDINAL CONTROL OF AUTOGIRO ROTORS™*

By M, Schrenk
SULMARY

The present rsport discusses tiree different systems
of elevator control and their effects on the gtabllity and
maneuverability of autogiros: (a) allerons and elevators
(standard); (b) blade control (la Cierva); (c) gravity
control (new). '

The control sensglitivity %%. which lg dependent to a
great degree on the speed in system (a), becomes substan-
tially more uniform in eystem (b), and practically constant
taorough the whole rango from zZero to maximum speed in sys--
tem (c). At the saume time, tiae highest restoring moments
attainable at pull-up become conslstently smaller, The im-
porteant characteristics of blade control and gravity con-
trol ars:

1) Flattening out from a high-speed dive 1g smoother
and with little stress;

2) The airplane can be landed with very small control
deflectlons;

3) Steering 1s not too sensitive at high speeds;

4) The maximum permigsidle speed can be easily and
safely limited by control movements, a fact
which constitutes a speclal safeguard for an
autogiro rotor having a prescrlbed maximum co-
efflcient of advance.

The control-farce balance can be readily achieved by
proper deslgn of the rotor head with 1ts suspenslion. The

w"Statische Lingsstabilitdt und HShensteuerung von Trag-
schrauben." Luftfahrtforschung, vol. 15, no, 6, June 6,
1938, pp. 283-289.
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control forces (to be kept noderate) with blade control
and gravity control also -change linearly with the gpeed.
The shifting of the equilibrium condition or balance of
center of gravity displacements, attalnable by sultable
gstructural design of the rotor head assembly, affects
nelther stability nor control-force variation,

I, INTRODUCTION

l, Aerodynamic Principles

1) The calculation of the rotor-~blade moments is ap-
parent from the report entitled "The Aerodynamic Principles
of the Autoglro Rotor" (reference 1). In it the flow losses
at the rotor had been divided into three sections, charac-
turized by the three coefficlents 61. €3, and €yq- It was
proved that the resultant rotor force at vanighing coeffi-
cient of advance must, for reasons of symumetry, lie in the
axlis of rotation and that the asymmetrical inflow of the
Totor of finlite coefficlent of advance 1s followed by a
backward inclination of the regsultant in relation to the
axls of rotation,

In figure 1, accordingly, the total force (S) of the
"rotor of vanishing coefficient of advance" is located in
the axls of rotation (dash-dots), the actual resultant S
"ig further inclined by €,i €y is the coefficlent of the

nonuniformity loss. The result 1g the plot of figure 2,
upon which the entire subsequent calculation of the rotor
mouments 1sg baged., The end polnts of the rotor force vec-
tors (coefficient cs) are approximately located (as 1s
readily proved) on a parabola of the second order,

Admittedly this 1s applicable for the present only to
the simplified picture of an autogiro rotor with very heavy
bPlades, where the blades, sufflclently approximated, may be
vigualized as rotating in one plane. The 6°2 to 9° cone an-
gleg for the conventional blade designs causoc a certaln
forward shift of the air forces, especially at small angles
of attack, It further is assumed that the blade hinges lle
in the axls of rotation. But in reality tney are always a
certain distance away from it for constructional reasons.

Both affects enhance the stabillizirg actions of the
air forces on the rotor moment, but, being little amenable
to amathematical treatment, will be disregarded here, The
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stabllity of actually constructed autogirg-rotora is
somewhat higher, the conirol action a little less than
that computed with the gimplified assumptions.

Likewlge, we disregard tane lateral inclination of the
regultant, as consequence of the cone motlon and curvature
of the flow., <The arguments are wholly restricted to th
plane of gsymmetry. . . .

2) Tae problem of downwash on the tail group 1s-much
less cleared up. Theory falls to yleld anything compre-
hengible; measurements are nonexistent, Hence a plausible
agpuaption must be found. The slope of the downwagh must
be assoclated with the induced angle of attack ¢y, which
irdicates the slope of a plane gubgtitute flow at the ro-
tor., In Tirst approximation the slope of downwash wlll be
proportional to q4. The ratio must, for lack of data, be
estimated in accord with tbhe posltion of the tail relative
to the rotor,

This, undoubtedly, 1ls the wost questlionable factor of
the whole calculation, although the effect of an eventual
error will not alter the results materially.

2. FProcedure

The method of calculation 1s fundamentally the same
as in tho usual statlic gtabllity studles,

The rotor moment 1g built up from the share of the
alr forces and that of the ceantrifugal forces by eccentric
blade hinges, The latter effects a dlsplacement of the
moment lines and 1s easily computed on the assumption of
quasi-gstatlonary condition, The tall moment affords no
stralight lines because of the nonlinear relatlion hetween
a ard cg,

The two moment quotas can be combined in various ways,
depending upon the control design, The followlng three
systeus are oxamined:

a) Allerons and slevators as on normal alirplans: wing
fixed at body, tall surfaces hinged,

b) Blade control: tall surfaces fixed on body, rotor

movable about & transverge axls located in the
hub;

I » v . i
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¢) Gravity control: rotor and tall movable simulta-
neously and equably, and produclng a c.g., dis-
placement,

The result 1s a set of total-moment curves of very
different character. The magnitude of attalnable atabil-

Cm
d a
repregented by a comparative quantity proportlonal to the
flying speed plotted against the control (or rotor) deflec-

tion B, respectively, It results in pronounced funda-
mental differences between the three gystems,

ity can bc expressed wlth . The control action is

This 18 followed by the determlnation of the control
forces over the speed for the caso of movable rotor and a
discussion of the eans for attaining differont trims,

3. Fundamental Data

The baslic agsumptlions, reseabling the condltions of
actually coastructed gyroplanes, are as follows:

Solldity = 0.10
Profile drag coefficient of blade cwP = ,L,01
Blade angle % =1,8°

for which the foramulas (of reference 1) give the character-
igtlc quantities of the autogiro* as

Coefficient of axial flow A3 = 0.021
Thrust kg = .012
Coefficient of flow t = .19

The pertinent relationship between alr-force factor
cqg and angle of attack a 1s 1llustrated in flgure 3.

The other di.engions will be found in the cited re-
port, Ratlos were lntroduced wherever possible; where
this was impractical a light two-seater of 600 kg gross
welght and 10 m rotor-blade diameter served ag basis,

*According to those formulas (III, 11)(III, 15) and (III,
17), the quantities are computed at cla_P = 5.6 for the
rectangular blade,
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4, Symbols

Other thamn the symbols glven in the cited report (ref-
erence 1) the following are also used:

T c.g. positlon back

h height of rotor position

lg tadl surface lever arm

a; b, ¢, 4, e, £f dimenpglons of control according to
figure 17

m mass of rotor blade per unit length

P proportionality factor for downwash
slope

B angle of the control (Bg, pF)

P control-gtick force

II, Partlal Loments
1. Rotor Moment, Hingee in Axls of Rotatlon
With the motation of figure 4 (where the backward
position r of the center of gravity is negative) the air-
force mouent S 1ig:

Hg = - 8(b €, + T)

which, reduced to dynamlc pressure, rotor arca, and diam-
eter, gilves the moment factor

MB
" p/2 v PO

= = Cg % (ﬁu + E-)

According to the report 345 (referemce 1), €, can be ex-
pressed in the fundamental quantlties of the autoglro.
With K =L and cos g =1 (reference 1, formula VI, 9)

c
g

8
for the lancet-shaped blade) 1t is: .
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A e g /Es_ 1 /%
fu = F 6 8 8 cg 8+ Cg

dence:

n, = =5 (5./24 F) )

A goneral examinatlon of flgure 4 discloses that,
with suitably chosen r, the rotor moments afford a
stable equilibrium, The backward-poslition 1limit ig r =
O (c.g. 1n axig of rotation), whereby the rotor moment 1is
balanced in vertical agcent; as the c.g. 1s shifted for-
ward (r negative) the rate of the unoment equilidbrium in-
creases.

The dotted lines (fig. 5) confirm this and indicate
that falrly small c.g. dlsglacemente suffice to produce
pronounced changes in the angle of attack cf the balance,
(To avoid decimal fractions, the moment coefflcients are
multiplied by 1CO.)

2. Rotor kom:ent, Hinéos Eccentric

As already stated in the introduction, the effect of
the bladeo-hingse distance froim the axls of rotation iIsg to
be examined only as regards the moments.of the centrifugal
forces due to the flapping motion,

Figure 6 illustrates a rotor nead with twoc hinges
in the plane of symmetry. Uader the lnitial agsumption of
the blades rotating in one plane, the centrifugal forcoes
Z applied at the hinge are parallel and inclined through
flapping angle 3,, the amount of wkhich can be aporoxl-

mated f(reference 1, IV, 10; factor 1s made =

koS

B, = 3(xd + %a) A ' (2)

3/2) at:

Now, an auﬁogiro usually has three rather than two
blades, and consequently two blade forces inclined *50°
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toward the plane of symmeiry fngtead. of the qne ghown,

The minor fluctuations in the resultant centrifugal forces
occurring during rotation with' sli times-the frequency -of

the revolution speed, in tae plane of gymmetry, can be 1ig-
nored here. ' .o S .

Then, with @ as the blade mass per unit longth, we

have:
;R a
Z =n @ / rdar = i au? = l m IE
1/ 2 2 A
o
My = -22 a ﬁl

Cg
whence, with equation (2) and A = / —

i, = -3 a m v® (Ad + - 0) J/E—

and
Mz S ma 4 8
p/2 v ¥ D Py oD S kg

Regarding this deviation, 1t should bPe observed that
tue flapping angle B, 1n equation (3) 18 dependent on A,
cg respectively, This formula therefore gives the addl-
tional moment due to the centrifugal force for the steady
stage, that . 1s, the dynamic pressure .of horizontal flight
for the related flight condltlon., 1In reallty the dynamic
pressure dooes not change at all in first approxlimation
during angle of attack fluctuatlions; the mouent of the cen-
trifugal force, viewed from the momentary equllibrium con-
« ditlon, varieoe somewhat differently. To allow for this,
1t would be necessary to draw a gecond curve of the addi-
tlonal moments produced during osclllatlons from every
point of the statlonary curve. However, since it usually
- involves only small oscillations, this task is unnecessary,
particularly within the ascope of the present, strictly
static analyslse. "
For the mathematical 1nterpretation of. equation (3),
1t should be borne in ‘mind that m, the blade mass per

4
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length, should be proportional to the -disk area ¥, when

¢y, Dbecame unaffected b& the scale. Now, ; s, without

a doubt, not constant,* but bound to the scale; that is=s,
definite numerical condltlions must be used as a basls.

"In conformlty with the conditionse on a light two-seat-
er, assume

D=10mnm F 78.5 m

a = 80 mm mg = 2 kg/m

The theoretical valuss are included in figure 5. They
apply with slight changes to any other not abnormally dif-
ferent dimension, .

3, Tall uHoment

The angle of attack of tne tall 1s according to the
introduction and to figure 7:

ag(cg) = aleg) - p a3(cg) + By (4)

The proportlonal factor p, which indicates the amount of
slope of the flow at the tall as a result of ite curvature
over that at the rotor axls, is probabdly not altogether
constant, But, lacking more exact information, a linear
relationship 1s assumed for which IE/D = 0,5, we put

Pp =1,2

The tail with the deflectlon. B; 1s assumed to be undivid-
6d, 1n order to slmplify the analysls,

In formula (4) ai(cs) ie linear, while q(c,) con-
tains a parabolic share (angle of -flow a3, reference 1),

*To 1llustrate, if, by enlargemént of the rotor the cone
angle is to remain constant, the thrust load per unit

length of blade increases at equal cap and % (u =

const.) linearly with the diameter D, that 1as, the same
mest hold for radial loading. But.this depends under the

cited conditlions, only on. m, which in congequence 1ltself
increases linearly with D. )
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In conseguence, aE(cB) ‘will no longer be linear, that is,
the. tall-moment line is not stralght.

R R

Ita coefficient iw:

Ty U
(] = c! —g _3. 5
my H a4 p D (5)
Clags the slope of the tail 1lift above its angle of at-
g tack, 1s for an aspect ratio of A = 3 (in degree):

8%  ©.565 + 1/A

Since the rotor moment with sultably chosen c,g. position
1tpelf is stable, the choice of tall dimensions 1s nerely
contingent wpon the desired control range and the neces~
sary dauaping capaclty agzaingt onclllatlions,

With the chosen proportionality factors

3

T 1
I_ q
3+ = 1/100 and =

equation (5) finally gives

100 egy = 100 ag X 0.06 x 0.01 x 0.5 = 0.03 ag(c,)

When computing az according to eguation (4), a(cy)

should be taken.from figure 3, q4(cg) from figure 18 of
Report No. 345 (reference 1), The ogtained moment coeffi-
clents are shown 1n figure 8, The lines for different ele-
vator deflectlons ﬁH differ from one another only by a

congtant difference 1in Cing »

- ' : III. TOTAL MOMENTS, STATIC STABILITY

1, Alleron and Elevator Control

The first case.ls that of the normal alrplane control

4
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and 1g treated as such, PFigure 9 i1llustrates the somowhat
more finely divided tall.moments 1in comparlson with the
rotor moment for 0,02 backward c.g. position, Figure 10
glves the total-moment lines as .algedbralic sum of the par-
tial moments. The course of these moments 1s not essen-
tially different from that of the orthodox airplane, The

d By

d
particular, is noticeadly constant,

control actlon ., referred to angle of attack, in

Ingtead of referring the control effect to the angle
of attack, 1t 1s more practical to refer 1t to the speed.
Filgure 3 gsorvesg for the change from o to v, the curve

1
/s

The result of thls conversion is shown in figure 11,

= k v presents a speed criterion.

The control responsge ls very small at low gpeed and

d g

H

rises abnormally as v 1increases., In this respect the
behavior of the tall-controlled autogiro is essentially
the gsame ag that of the orthodox alrplans.

2, Blade Control’

Ingtead of changing the eguilibrium condition through
deflectlone of the tail, the same effect, with fixed tall
can be obtained by swivelingz the rotor hud about a horizon-
tal axls, The initiative of thls avenue of attack followed
by de la Cierva for several years was probably due to the
desire of extending the flight range up to 90° angle of at-
tack, that 1s, attain controlled vertical descent,

The effects of swiveling the axls by ABy are di-
rectly observable from figure 4:

a) The backward c.g. position r 1g changed Dy the
amount of hAfp: different blade moment,.

b) The tail-setting angle - which always shall refer
to the axis of rotation - is changed to the
amount of - ARy, as a result of the settlng:

a different tail-plane moment,
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As to a) &a one-percent -ghange in E is equivalent

to a turn of A Bp through ~ 0.6°. The figures of the
blade-control angle fp 1in figure 12 refer to the line

connecting blade center to center of gravity; elsewhere,
however, the axis of rotation remains the reference line
for the angles of attack of rotor and tall,

Agsume, for the blade moment; that the bléde-control
angle BT in the normal flizht range remains, say, between
-0.,5%and -2,5° (measured backward from the c.g.). The
problem then is to find a set of tail plane curves which
glve, at- the og defined by the setting, the moment equi-

1ibrium within the questioned range.

} This problem is readily solved by selecting from t he
extsting tail—plane momentg (fig. 8) computed for
Fﬁ 1

= = a gultable line and so digtorting its ordinate
T 100 Py
through a change of the ratlo ~—~ that the required get

i
can be developed from the new curve, TFor example, the
curve for By = - 3,19 from figure 8 ig chosen, the ordi-

- -
w * ea

: 1l
nateg reduced to =( =~ = == anl then the new tall lines
6\ ® 120 :

related to Bp = -0.6 to -2,4° determined by shifting
through -0,60 each (fig. 12); These tall moments balance

the rotor momonts at the points indicated by the double
arrows,

The resultant momeats are shown in figure 13, Their
character 1g substantially unlike that of the standard con-

- B
trol gystem: E—! has long ceased to be constant.,

2 4

‘The negative moments themselves do not reach such
hizh values, as a result of which the take-off process will
be gmoother, ’ .

‘ig 1llustrated in fig-

The control genattivity

. . . Fo.
- ure 1l4. Tae (v.pr) line is substantially fletter, 1l.e.,
the sensitivity with blade control fluctuates considerably
lessnt@an with thd_gtgq@a;@ sysqu of qontroll Thle 18 an
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unexpected and very propltious effect of the blade control,

3. Gravi{ty Control

However, one may go & step farther. With the blade
control, two effects occurred simultaneously: a change in
rotor moment due to relative c.g. displacement and the
change in tall moment due to the getting.

Now, the effect of the setting can be eliminated al-
together, thus leaving only the c.g. displacement, by

- swinglng the tnll plane for the same amount as the rotor

axls of rotation. This prcserves the same angle relative
to the axis of rotation.

The tallplane moments are then indicated by one limne,
which effects a considerable simplification in the choice
of the correct tallplane dimensions and setting.. The
curve drawn 1n figure 15 1g for a surface ratio of
FE 1
= = == wilth fixed getting relative to the axis of rota-

Ly 200
tion of Bg = 0°. The reason of the much smaller tail

area i1s due to the fact that the destabllizing effect of
the varylng setting has Deen removed.

The total moments are shown in figure 16. The nega-
tive moments arse even smaller than with the blade control,
hence the take-off wlll be still smoother. The small mo-
ment factors at small g should cause no ccncern glince
the absolute values are still falrly large as a result of
the related nigh dynamlc pressure, Still, they never will

be so high that the airplane "Jjumps" whnen pulling the con-

trol gquickly.

Agide from that, there i1s the practically linear con-
trol response obtainable only with gravity control (fig.
14). Such a variation of the (v, By) curve assures an

airplane on which the absolute specd change is proportional
to the control deflection! The large sensltivity differ-
ences of all alrplanes with orthodox control surfaces and
which even prevail to some extent in the bPlade-controlled
autogiro are practically nonexlgtent with gravity comntrol,.
Landings can be made wWith moderate control movements and
steering 1s not too sensitive at hlgh gpeeds, It alsgso ts
possible forthwith to 1limit the attainable top speed by
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-control-deflectlon, which is of especially great lmpor—
tnnee on the autogiro .rotor deslgned for a certain maxlmum
coefficlent of advance,

It mlght be remarked that the preservatlon of a fixed
angle between blade axls of rotation and control surfaces,
or as 1t 1s called here, "gravity control" ig siuply a
special case of poeltive connection of these two sirplane
parts., The gravity control may be "close” or "excessive,'
depending upon the cholce of gear ratio, With "excessive"
control, so that the control surfaces are stlll subject to
an additlonal rotatlion 1n the same direction as the angular
motion of the axig of rotatlon, 1t is directly conceivable
to let the control sensltivity at a certain top speed drop
to zero, 1.0., to restrict the speed even more effectively
than with "pure" gravity control., Naturally, it 1e then
not easy to malntain the stabllity sufficlently high, It
1s algo possible to work with differential effect between
blade and control surfaces. In any casgse, thls combination
affords great freedom 1n the cholice of the doglired .longl-
tudinal control charactoristics,

IVv. CONTROL FORCES

There remalns yet the problem of contronl forces, and
especlally that of control balance, since it involves a
large rotor rather than a small control. To be sure, the
success of the Clerva type C 30 arnd CL 10 has shown thaat
no fundamental difficulties exlst, but the oxplanation of
tihe numerical conditions 1s also of interest.

l.Force Balance

The chogen rotor control gystem must be prlimarily so
designed that the control force at any flight stage (speed)
passes through zero (stablility with control released).

Such an arrangement of "rotor head" is shown in figure 17.
The horizontal axis of rotation (x) must be far emough
ahead of the total air force 8§ 8o that the ensulng nose-

_heavy moment of 8§ ©Dbalances the tall-heavy Z-moment,

This equllibrium lg stadble with preoperly chosen dimensions,
as 1s readily determinable. If in the place of the blade.
height h (fig. 4), the axial distance b and in place

of the backward position r the distance ¢ 1s introduced,
the relations for the blade moment developed 1in a previous
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-chapter can bs simply taken over, The moment about point
x 18 expressed conformably to equations (1) and (3) by
the coefficlent

= -C bl il + S c (6)
cmx T 7% p\s8 cq b + Cm,

Let L £ E, according to equation (1); then the
D 20 D -

. . [o]
moments through § would be, 1f the amount of - were
' chosen corresponding to %. small against cmz. which

e
does not change relative to equation (3); that 1is, 3

must be substantially higher than E.

- The numerical value 1s contingent upon the chogen
- flight stage (a, cg), in which equilidrium is desired., It
is obtained from equation (6) as:

c 1l k Cm, D
b 8 Cg Cg b

The choilce 1s a = b = 80 mm,

Furthor, let balance be desired at:

- 4,49 0.07
a= 7.2°} equivalent to cg4 = { 15}
18,6°

for this equation (7) gives as control force balance:

c -0,32 -25,5
- = { -.22 or 17 5 mm
b -.11

‘2., Control Forces

With thege amounts of %. cmx can be computed from

equation (6). But for changing to actual control forces,
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the transmiasion ratlo between contrql .stlck and blade as

-well ag the -stick 1ength is needed,. . Suppose the total de-

flections are:

Agp = 8° (fig. 14), A B, = 48°

that 1e, a 1:16 ratio betvween blade and control stick,
This gives by way of example

d = 320 mm, e = 20 mm
Let the length of control stick be
£ = 500 am

Then the control force becomes:

or, with g =

ch

P = G (8)

e D
d f cg
which for G = 600 kg and D = 10 1 finally affords

Cc
P = 750 —X

Cg

The related numerical valuwes are presentod in figure 18,
The point for v = O (vertical descent) is computod from
the simple equilibrium equation (fig. 17): .

CcC 8

= 0,07
3.7 G 5 ¢

P =

All points are . located on a straight 1iné for a certain
equilibrium stage (¢ = const.)., d4dzgles and forces at the
control thus pass (at least with gravity control) to both
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slideés of the equilibrium speed, linearly with the speed
change, The conceivably most promising longltudinal con-
trol characteristics are the result. The forces remain
within 2 kg, that 1s, easlily applled.

3. Trinm

A final problem involves the change - with blade or
gravity control - of the equilibrium position with control
releaped and the balancing of a displacement in the c.g,
position,

1) The use of springs might be resorted to for influenc-
ing the equilibrium position. But they have the undesir-
able quality of forming vibratory systems, But there 1s
one almost "natural" solution which consists (fig. 19) in
mounting the pivot B adjustable in relation to the ele-
vator lever €, so that the distance of the axis of rota-
tion from the elevator axis (¢ 1in fig, 17) can be changed
at will, Since it involves a gspace of a few mm only, this
should be constructively easy (spindle with flexible shaft).
Figure 18 presents the effect of t he distance ¢ on the
equilibdbrium speed of our example,

2) The blade moment with wings fixed to the fuselage 1is
very sensitive to c¢.g. displacements (fig. 5). With mov-
able wings and stable stress distridbutlon the c.g. dis-
placement for control released is, of course, without ef-
fect on the blade moment, gince it always assumes the same
angle of attack to the air stream, But wlth blade control,
the posltion of the body affects the getting between fin
and blade, the fin receivesg an addltlonal stress with the
regult that the stability 1s changed 1n unpredictable man-
ner,

This is not the cags with pure gravity control, bde-
cause the angle of setting 1s not affected by the position
of the fuselage. Still the changed position may have dig-
agreeable congequences in practical service; the control
stick setting for a certain flight condition in particular,
changes when the c.g. 1s displaced, This might be overcome,
by adjusting the push-rod length between control and blade;
but it is more logical to simply shift the bPlade by the
amount of the c¢,g. change relative to the fuselage, TFigure
19 illustrates this with the carriage gulde between D and
]- )

Such a solution results in an airplane on which changes
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in equilibrium-dynamic pressure can be attalned and cen-
ter of gravity displacements can be balanced in a large

.measure, without- one-precautionary-measure—-influencing

the other or changing the static longitudinal stability
of the whole system,

Translation by J. Vanler,
National Advisory Committee
for Aeronautics.
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